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1. INTRODUCTION 
Societies in semi-arid areas in developing regions are amongst those most 
vulnerable to climate variability and potentially most vulnerable to climate 
change. The vulnerability to climate variability emerges from a combination 
of the level of availability of natural resources and the human dependency on 
these resources.  In semi-arid regions, the limited availability of water and 
the low reliability of this availability pose strong restrictions on the use of 
natural resources. On the other hand, population often has a high density, 
and is strongly dependent on natural resources with little short-term options 
to reduce the dependency. 
Reasonable conditions in the wetter years support the persistence of 
population in the area; marginal or poor conditions in dryer years often have 
strong impacts as social disruption and population migration. The adverse 
conditions and arrears in development hamper significant improvements in 
the quality of life. 
Regional tradition and adaptation to local conditions serve as experiences 
to cope with droughts. This may help to survive emergency situations, but 
does not really reduce vulnerability, as it does not reduce development 
deficits (including education, access to markets and credits). These deficits 
inhibit local population to improve their own living conditions. 
In many semi-arid developing regions, such as Northeast Brazil, 
population in the rural hinterland relies heavily on agricultural production 
and thus depends directly on the natural resources land and water that are 
available. Present-day climate conditions already are marginally capable of 
fulfilling the societal demand for water; therefore climate change poses a 
serious potential threat. The interrelationships between climate, water 
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availability, agriculture, economic self-support, and the quality of life shape 
the sensitivity and vulnerability of the region. 
In the Northeast of Brazil social structures were established over the last 
century under difficult natural and climatic conditions. The social structures 
are not very capable of dealing with social and ecological crises in the 
region. Coping mechanisms, which were developed for such problematic 
natural and social living conditions, are highly questionable as individual 
and social concepts for solution. This is especially the case for migration 
activities, which are no longer traditional compensatory migration or 
seasonal labour migration. 
 
 
Figure 1: The ‘drought polygon’ with a semi-arid climate in Northeast Brazil. The study area, 
indicated by the red contour, consists of the States of Ceará and Piauí. 
 
 
Integrated Modelling Northeast Brazil 
 
121
It is the goal of the present paper to understand the relationships between 
the variable availability of water and societal impacts in the context of global 
change. Here, climate change is one of the important components of global 
change, but other tendencies affecting regional development may be more 
important. 
Many aspects of global change are highly uncertain, especially in their 
emergence at the regional scale. Climate change projections at the global 
scale are increasingly showing consensus. However large uncertainties exist 
at the regional scale, e.g. even the sign of precipitation changes over 
Northeast Brazil are unclear (see section 4).  
Realistic projections of climate change impacts in semi-arid developing 
regions cannot be made without consideration of the development path of the 
region. This development may have important implications on the 
dependency of the society to natural resources. Growth of economic activity 
will increase demands, also the demand for natural resources, tending to 
increase the dependency. On the other hand, the relative importance of the 
most sensitive, agricultural sector may cease, reducing dependency. 
This calls for an internally consistent integrated assessment of regional 
development and climate change. In this assessment, the approach to 
integration will be a key ingredient.  In this paper, pathways of regional 
development are studied using integrated scenario techniques, while climate 
impacts are represented using integrated modelling. 
 
Northeast Brazil shows characteristics that make it specifically 
vulnerable. The region is semi-arid, with precipitation averaging 900 mm per 
year, but on large stretches annual precipitation is below 600 mm. It is not 
the annual amount of precipitation that creates problems, but rather its 
distribution and cycle. The mean annual cycle shows a rainy period with 
reasonable to ample rainfall amounts, and a mostly 6 month long dry period 
with extremely low or no rainfall. The annual precipitation amounts show 
large fluctuations, with irregularly recurring droughts that may last for 
several years. Droughts do correlate with the El Niño phenomenon and with 
unfavourable conditions in the pressure systems over the Atlantic Ocean. 
Spatial distribution of precipitation is very heterogeneous, with spatially 
limited droughts occurring even in years with median rainfall amounts at the 
sub-regional scale. Potential evapotranspiration is above 2000 mm per year. 
Surface flow is largely restricted to the rainy period and the following 
months. Most of the river network is not perennial, or was perennial only 
after reservoir construction. Reservoirs are a regionally common strategy to 
extend water availability into the dry period (smaller reservoirs) or even into 
a forthcoming dry year (larger reservoirs), mostly aiming at safeguarding 
urban water supply. In most of the region, groundwater does not offer a 
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reliable alternative for surface water, as its availability is spatially very 
heterogeneous, and many wells supply saline water only. 
Most of the area is crystalline, with shallow soils. Many of the regionally 
common soil types have low nutrient content. Alluvial soils close to the river 
network are best suited for agriculture. The rainfall regime and soil quality 
combine into relatively unfavourable conditions for rain-fed agricultural 
production. Yet, a large share of the rural population depends on subsistence 
farming. Inequity in the distribution of land is extreme in Northeast Brazil; 
subsistence farmers generally have small plots and few options or 
competencies to improve their situation. 
In severe drought years, the regular functioning of society in the interior 
is disrupted. Local water and food supply systems collapse and have to be 
sustained by governmental emergency programs. Water is rationalised and 
its supply is arranged using transport by trucks over longer distances, food 
packages are distributed and emergency employment programs are initiated. 
Population from the rural areas moves into the villages and regional centres 
Mostly, these aid programs are triggered by societal tension, resulting in e.g. 
assaults on food transports or blockades of city halls by suffering population, 
demanding emergency aid. 
In a regional study on Northeast Brazil, Magalhães and Rebouças (1988) 
make integrated considerations on the causal chain from climate to societal 
impacts, focussing on the sensitivity of agriculture to climate variability. 
They conclude that ‘there evidently is a lack of integrated climate-economy-
society studies in Brazil. Given the magnitude of climatic impacts on the 
Brazilian economy and society, especially in North-eastern Brazil, the 
development of further research in this field is recommended, with particular 
emphasis on research that will lead to policies that increase the resilience to 
drought.’ 
Latest assessments of available climate observations conclude that global 
climate has been warming over the last century and that human influences 
play a major role in climate change (Houghton, et al., 2001). For the 21st 
century, an enhanced warming is projected to take place under a broad 
variety of assumptions on global developments. Global precipitation is 
projected to increase, but at low latitudes, where most of the semi-arid 
regions in developing countries are situated, both regional increases and 
decreases are projected. Where precipitation increases, an increased inter-
annual variability is assessed to be very likely. 
Scientific consensus on climate change projections for specific semi-arid 
regions is not available at present. This may partly be due to the small scale 
of these regions, compared to the global dimension represented in the 
climate models supporting the present assessments. Both the spatial 
resolution of global climate models and the modelling skill at the regional 
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scale hamper a direct application of results. Regionally specific detailed 
interpretations of climate change projections are thus required. 
The research area of integrated modelling in the context of climate 
change studies is developing rapidly. Integrated models initially originating 
from natural science models (energy balance, carbon cycle, crop yield), 
where models for greenhouse gas emissions from energy use and 
representations of climate change impacts were included, like IMAGE 
(Rotmans, 1990), IMAGE 2 (Alcamo et al., 1994). In an alternative 
approach, macro-economic models were extended with cost estimates for 
impacts of climate change (like GCAM, Edmonds et al., 1994). Later on, 
integrated models emerged with a more centrally defined integration 
approach (like ICLIPS, Toth et al., 1997 or TARGETS, Rotmans and de 
Vries, 1997). 
Regional climate impact assessments also tend to include ever more 
integrative approaches, extending from agricultural impacts (MINK study, 
Rosenberg et al., 1993) to representation of interests of various socio-
economic sectors (MBIS study, Cohen, 1997). Earlier regional studies on 
North-eastern Brazil (Magalhães et al., 1988) were broad and rich in 
information but did not arrive at an integrative concept as adopted in the 
present (Bronstert et al., 2000). 
The implementation of this concept in a fully coupled integrated model, 
forms a very challenging task, see Section 2. The resulting model 
dynamically describes the relationships between climate forcing, water 
availability, agriculture and selected societal processes, allowing the analysis 
of possible climate change impacts or simulation of scenarios of regional 
development (Döll et al., 2000). 
2. INTEGRATED MODELLING 
The basic aim of the integrated model is to give a dynamic representation 
of the relationships between water availability and societal impacts in the 
context of climate variability and global change. This representation reflects 
the existing quantitative understanding of the major processes. The 
integration itself generates a value added in various perspectives. First, it 
serves to evaluate the multidisciplinary information and modelling, assessing 
the sufficiency and identifying knowledge and data gaps. Second, it can be 
used to assess regional sensitivities and development pathways, based on the 
understanding represented in the model. 
Although there does not exist a generally accepted approach to integrated 
modelling, some characteristics are commonly found. Basic characteristics 
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of an integrated model are its focus on a problem rather than on individual 
processes, its focus on dynamic behaviour rather than on exact replication of 
the current situation. 
Integrated modelling starts with a systems analysis of the problem, the 
assessment of relationships between water availability and quality of life and 
migration in rural semi-arid North-eastern Brazil at the meso-/macro-scale in 
the context of global change, especially climate change. A top-down analysis 
of the problem identifies which are the basic variables, processes, and 
external forcing that should be accounted for in the integrated model (Fig 2). 
In this analysis, the focus is explicitly on internal features of the most 
relevant dynamic behaviour rather than on what is best understood, as for 
instance the influence of water scarcity on water consumption. The specific 
challenge is to find a good compromise between the clarity in the 
representation and the comprehensiveness regarding the main dynamic 
processes. Special attention should be paid to cross linkages and feedback 
processes, which already are important in the present functioning of the 
system (Bronstert et al., 2000), but can especially influence long-term 
dynamics, as for instance the effects of regional development on the 
agricultural sector and on water extraction. 
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Figure 2: Conceptual model of dynamic relationships between water availability, agriculture 
and migration in North-eastern Brazil, as influenced by global change. 
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A specifically interesting feature of the dynamics is the ability of the 
system to dampen or enhance the variability resulting from the variability in 
the precipitation. Here e.g. water infrastructure and water policy can reduce 
the variability in the availability of water resources, but increased water 
demands nearing the availability may amplify variability of impacts as the 
insufficiency of water supply. 
The context of global change forces the analysis to consider long-term 
behaviour of the system. A reasonable dynamic understanding is preferred 
over an excellent static understanding, and processes influencing long-term 
changes are more in focus than processes just explaining heterogeneity at the 
micro-scale. Clearly, only (aggregated) process-based models can simulate 
both the effects of individual influences of global change and policy 
interventions. In this sense, integrated models generally show a mix of 
deductive and inductive approaches. 
In the analysis, geographically explicit integrated modelling is chosen as 
the most explicit way to approach consistency considerations and regional 
validity. The Semi-arid Integrated Model (SIM) was constructed for this 
regional integrated modelling at the meso-/macro-scale (Krol et al., 2001), 
and is extending the commonly found integrated modelling further into 
human dimensions.  
SIM is built up in a modular way, where each module consists of a 
disciplinary contribution. Integrative tasks include guaranteeing the consistency 
between modules, defining interfaces between modules and filling up gaps with 
plausible and clear basic assumptions. Modules of SIM are the large scale 
hydrological model WASA, the large scale water use model NoWUM, FAO 
crop models (LSC and water sensitivity model), the agricultural economy-
model RASMO and the model of demography and migration MigFlow. Next, 
climate scenario data are important inputs to the model 
 Climate input: Scenarios for future climates or a historic climate 
reconstruction are input to SIM. The scenarios result from long-term 
daily observations combined with climate trends from General 
Circulation Models (Werner and Gerstengarbe, 1997). 
 WASA. This large-scale water balance model (Bronstert et al., 2000) 
describes run-off, storage in water reservoirs and soil moisture. The 
model is based on a hydrotope-approach, resolving for quasi-
homogeneous units within municipalities. Hydrotopes are defined by 
their soil, topographic characteristics and vegetation, with a typical size 
of 10 to 50 km2. The units were determined using a GIS-based soil 
information system. On these units, vertical processes as 
evapotranspiration, infiltration, and percolation are represented. Lateral 
processes couple the units, transporting the generated runoff to the river 
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network, which is digitised at the scale of municipalities. River flow is 
routed through the region. Within each municipality, lumped water 
balances represent small reservoirs; large reservoirs (> 50 Mm3) are 
described explicitly. 
 NoWUM. This water use model simulates water withdrawal and 
consumption at the municipal scale, considering the various water use 
sectors (Hauschild and Döll, 2000). Sectors included are private sector 
(households), agriculture (irrigation and animal water use), industry and 
tourism. For each sector, indicators for the sectoral activity are combined 
with water use intensities. Effects of reduced water availability and 
water price on water use intensity are represented. Part of the extracted 
water generates return flows. Extraction- and return-flows are accounted 
for in WASA. 
 Agricultural production. Crop yields are simulated using FAO schemes 
for yield response to water stress and to soil quality. Yield responses to 
water insufficiency are modelled, accounting for sensitivities in different 
phenological stages in crop development, as in CROPWAT (FAO, 
1979), and put through for 14 regionally important crops (including 
maize, bean, rice, cashew). Water stress is simulated as non-optimal 
evapotranspiration, as calculated by WASA at the hydrotope scale, 
aggregated over the phenological periods. Impacts of soil-quality are 
statically represented, based on the LSC procedure (FAO, 1983), using 
data from the soil information system. 
 RASMO. The agro-economic model has two important goals. It should 
represent the economic output of the agricultural sector under the 
variable climatic conditions, using the yields as simulated using the FAO 
models. But it should also represent long-term changes in land use due 
to trends in prices of commodities, climate, and population. Economic 
output is simulated by bookkeeping production costs, use of produced 
goods for on-farm consumption as food or feed, and trading on the 
market. Long-term changes in agriculture are represented as an 
optimisation of farm income under mean recent climate conditions, 
varying cropping and husbandry production activities and intensities, 
under the restrictions of available land, technical, and financial 
opportunities (Hinterthür et al., 2001). Simulations are performed at the 
municipal level for three farm size classes. 
 MigFlow. The model of population development describes natural 
processes (birth and death) and migration at the municipal scale. 
Migration amongst municipalities and to external destinies is modelled 
to occur when gradients in the quality of life exceed migration costs, see 
the next section. Quality of life is a composite indicator, where mean 
municipal income per head is the dominant influence. 
Integrated Modelling Northeast Brazil 
 
127
  
The common resolution of all modules is the municipality and the year; 
the extent consists of the states of Ceará and Piauí (together 332 
municipalities in year 1996) and periods of 30 to 100 years. Some modules 
have fines resolution, hydrotope or day. Modules exchange information at 
the finest common resolution. 
3. UNDERSTANDING, DESCRIPTION OF MIGRATION 
One prominent quality of the two Federal States (Piauí and Ceará), which 
were examined, is their juvenile age distribution resulting also in a high birth 
rate. In 1996, the birth rates were 25.3 births per 1,000 inhabitants in Piauí 
and 27.5 births per 1,000 inhabitants in Ceará, both substantially above the 
Brazilian average of 19.7 births per 1,000 inhabitants. However, the high 
fertility in the Northeast is compensated by migration. Thus the population 
growth in Piauí and Ceará between 1991 and 1996 was substantially lower 
than the total Brazilian average (Brazil 1.42 %, Ceará 1.35 %, Piauí 0.69 %).   
Migration, however, cannot generally be interpreted as negative. In the 
context of the social system, it is an adaptation mechanism to high 
demographic pressure resulting from the continuous disequilibrium between 
high birth rates and comparatively slower regional economic development. 
For the actor, migration is a function of weighing up different adaptation 
strategies to achieve certain goals in life (i.e. a certain quality of life). It is 
the expression of the expectation that certain goals in life could better be 
realized at another location because even innovative action strategies at the 
location of origin do not promise success. The discrepancy between 
expectations and 'fulfilment potential' can be the consequence of worsening 
living conditions, or increased or modified expectations. The investigation of 
the ‘objective’ living conditions therefore only gives limited insight in the 
actually experienced ‘subjective’ quality of life. Subjective testimonies of 
the affected population about their expectations to their environment as well 
as about their abilities to deal with modifications give information about the 
extent of the fulfilment of their expectations regarding their actual living 
conditions. 
Changes in the employment structure represent one of the main causes for 
changes in direction and extent of migration streams in Northeast Brazil. 
Different Brazilian studies (Wajnmann et al., 1998; Scudele, 1998) and also 
the results of interviews with the local population carried out in our 
investigation indicate that there is a strong connection between the 
insufficiency of employment in the rural area of Northeast Brazil and 
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intensive migration. In our investigation we focus on labour migration since 
intensive work-related relocation of people from the rural areas towards the 
major cities gives rise to substantial problems in the coastal areas where 
most employment opportunities are found. Apart from the employment-
driven migration, additional reasons for migration are missing infrastructure 
of public services, particularly in health care and education. These qualities 
are increasingly satisfied in the coastal cities. 
Migration in our study is interpreted as a multidimensional phenomenon. 
Therefore, an integrative concept is needed to connect the different thematic 
spheres. Possible causes for migration are located in the environmental 
sphere (lack of natural resources), in the social sphere (missing social 
support) and in the personal sphere (education). The concept of “quality of 
life” integrates these different phenomenological spheres. Psychological 
impacts are reflected in the TCA model (see Figure 3), spatial aspects are 
integrated in the simulation part (MigFlow). 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 3: Structure of TCA, showing the central role of „Subjective Quality of Life“ for the 
prototype collective actor: The fitting of needs – dependent in their extend on the type of actor – 
with available family resources creates „Intentions“ towards actions. The „Choice of 
Adaptation Strategies“ is determined by „Competencies / Abilities“ of the actor (which could be 
described as a subset of „Family Resources“) and the „Intentions“ to transform 
„Environmental Resources“ (social and natural) into a new state of „Family Resources“. 
These, in turn, are evaluated again in the next step of the new ratio of expectations to „Needs“. 
 
The Threat-Competence-Adaptation (TCA) model and its theoretical 
background 
To reach the goals described above, it is necessary to formulate an actor 
model reflecting the dynamic interdependence of internal and external states. 
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Different adaptive action strategies have to be implemented in this model to 
realize feedback functions of behaviour on external (e. g. characteristics of 
the social surrounding) and internal variables (e. g. degree of satisfaction 
with social relations). The set of the variables used and their interrelations 
was derived from theoretical considerations based in social psychology. 
Survey data was used to check the validity of the proposed model. 
With respect to the multidimensionality of the migration phenomenon, an 
integrative concept of quality of life was developed. This concept takes into 
account both the satisfaction of elementary needs and environmental 
conditions composed of the natural environment as well as the social 
environment. 
On the basis of the framework presented above, concepts for objective 
and subjective quality of life can be derived. "Objective quality of life" 
describes the characteristics and developments of the physical-biological 
environment, the social surroundings and the economic and political 
systems. These variables are included in the action model as 'indicated 
potential'. In contrast, "subjective quality of life" is measured by the extent 
of the need-specific contentment. This need-specific contentment can be 
influenced by limitations in available resources or competences, shifting 
objective potentials outside of the range of desired improvements in living 
conditions. 
The general concept of the action submodel of migration can be described 
in three steps: 
1. fitting of needs and possibilities/opportunities (affordances), 
2. selection of different adaptive action strategies with reference to a 
set of theory-guided deduced needs and empirically-derived 
competencies, 
3. maximisation of changes in satisfaction of needs. 
 
A set of needs (existence, security, freedom, flexibility, affiliation) was 
derived from Max-Neef's works (Max-Neef, 1991) who intended to put 
together a set of human requirements with inter-cultural validity. 
Furthermore, two resource types are differentiated: infra-structural (medical 
support, education) and agricultural resources (soil quality, temporal 
distance to latest drought, water availability). Different adaptive action 
strategies are identified (migration, innovation and persistence). The 
selection of different adaptive action strategies is based on the protection-
motivation theory by Riptoe and Rogers (1987). It postulates that the 
probability of specific strategies depends simultaneously on both the 
perceived personal ability (the actor's competencies to act (e.g. education) 
and the perceived situational threat (described by the actual need state and 
the availability of action resources).  
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The satisfaction with the actual living conditions is the important result of 
that coping process. The postulation of a general goal to maximize this 
satisfaction leads to the actor's preference to select those strategies that are 
supposed to result in an optimal need satisfaction considering competencies 
and action resources.  
The Threat-Competence-Adaptation model is based on the prototypical 
collective actor (e.g. family or household). According to farm size and 
family phase, different actor types can be differentiated. Each type has a 
characteristic profile of needs and their importance as well as of different 
competencies. The possibilities for the adaptive strategies described are 
implied for each actor type in each municipality.  
 
Implementation problems 
The migration model, formulated in the previous paragraph has a high 
requirement for input data. Especially for the analysis of migration 
motivation and population development, this is a big problem because many 
demographic and migration-related data only exist on the level of the federal 
states and aggregated over population subgroups with different 
vulnerabilities, e.g. as resulting from different conditions concerning land 
ownership or education. 
The main data problems concern: 
 availability and quality of data, 
 coarse resolution of population data, 
 underreporting of births and deaths, 
 no accepted procedure to measure migration, 
 missing time series. 
 
The data input requirements for models explaining migration, such as 
TCA, can only be fulfilled using micro-scale questionnaires, additional to the 
readily available secondary data. Spatially explicit models covering larger 
areas, such as required for the integrated model, can rely only on the coarser, 
highly aggregated data. In order to develop a partly reliable migration model 
despite these problems, we decided to support the interpretation of the limited 
data by using knowledge gathered by interviewing experts and rural 
population in two selected municipalities. The municipalities were selected for 
covering the range from sites with a very dry climate, poor soils, low 
development, being a migration source (Tauá, Ceará) to a regionally attractive 
centre where economy is diverse (Picos, Piauí). 
 
Results of the Surveys in Picos and Tauá 
About 100 households (102 families in Tauá, and 104 families in the 
Picos area, including Picos and eight municipalities around Picos) were 
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questioned in March 1999 with respect to their socio-economic situation, 
their experience with migration and their satisfaction with the farming 
situation.  
One person was questioned as a representative of each household, in 
general the head of the household or his/ her partner. 87 men and 17 women 
were questioned in Picos and 54 men and 48 women in Tauá. The average 
age of the interviewees in Picos was about 48 years and in Tauá about 45 
years. This is similar to the average age of the head of the households in this 
region.  
Agriculture still plays an important role in municipal economy and is the 
principal occupation of most potential migrants and therefore chosen as a 
topic in the surveys. The main limitations to farming mentioned most 
frequently were (i) the absence or irregularity of precipitation, (ii) the 
desperate fight against pests, (iii) the lack of high-quality seeds, and (iv) the 
absence of a price guarantee for agricultural products.  
Further, we were interested whether families were financially supported 
by family members who had already moved away. This is the case for about 
one third of all questioned households in both municipalities. Furthermore, 
about 15% of the questioned households in Tauá and Picos get financial 
support from the governmental retirement scheme. During the drought in 
1998, there was additional governmental emergency aid available: These job 
programs or food aid were claimed by about two thirds of the questioned 
families in each of the municipalities.  
We were further interested in the motivation to migrate and which town 
people preferred as a migration target. The main target is still the state of São 
Paulo since the main motivation for the majority of migrants is to find a new 
job. This is valid for 87% of the migrants who move to São Paulo. The 
second most important reason why people migrate is the reunification with 
family or plans to start a new family (16% of the motivation to migrate). The 
latter reason often leads to a migration within a smaller area when compared 
to migration due to economic motivation. As a third reason, people hope for 
an improvement of their general living conditions (including secondary or 
college education, making up 5% of the overall motivation to migrate). 
These improvements are mostly expected to happen in the South-East of 
Brazil. 
It is remarkable to note from the questionnaires that neither the size of the 
farm nor the type of ownership seem to play an important role in the 
decision to migrate. Migration is practically equal from all sizes and types of 
farms, which can be explained by the fact that it is generally not the head of 
the family who decides to migrate but rather the sons and daughters.  
Finally, we wanted to know where people prefer to live: in the 
countryside or the city. The answers show a clear opinion: people prefer 
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living in the countryside since this is seen as more quiet and peaceful, and 
solidarity with others plays an important role. People are actually afraid to 
live in the city because of hustle and crime. Living in the big coastal cities 
therefore is not an objective in itself but can be seen as a coping mechanism 
due to the lack of regional development – particularly employment 
opportunities - in the countryside. 
The results of the survey about the satisfaction with agricultural business 
suggest an upcoming of structural change, especially for future generations 
of the very small farm holders who do not seem content with farming as 
their sole profession. The lack of other jobs in rural area is the main reason 
for migration; climatic changes influence migration only indirectly (through 
economic impacts). Furthermore, quality of life in rural areas can only be 
improved through integrated measures, including agricultural assistance, 
improvement of infrastructure and creation of jobs in non-agricultural 
sectors in the rural area. 
 
Development of a space-related migration model (MigFlow) 
The TCA model presented in the previous section has an ambitious 
theoretical background based in psychological theory. The complex structure 
and feedback loops found in the model however lead to difficulties in the 
implementation. The insufficient database on the municipality level 
underscores the problems of comprehensive modelling, especially in the 
field of the subjective perception of the quality of life and the personal 
competence. 
Hence, it was necessary to develop an applied submodel as a simulation 
environment to test hypotheses concerning interactions between the 
development of the quality of life and human action on a spatial level, the 
Migration Flow Model (MigFlow). Additional theoretical concepts from 
TCA are successively being integrated. MigFlow has a more pragmatic 
approach than TCA: it simulates migration without the comprehensive action 
model but directly related to the concept of quality of life. With respect to 
theory however, MigFlow has a limited scope. It cannot explain the 
migration phenomenon in general, but can clarify certain aspects, related to 
opportunities for potential migrants (e.g. innovation) based on differences in 
the quality of life in different municipalities in the Northeast of Brazil. 
 
Central Ideas 
The conceptualisation of migration processes in MigFlow follows the 
assumption that migration tends to equalize disparities of quality of life 
because migrants utilize opportunities to improve their living conditions. 
Therefore, migration is affected by opportunities in potential target regions 
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and the competence to overcome obstacles of moving as well as to benefit 
from these opportunities for the potential actors.  
These findings converge with the theoretical assumptions of “classical 
migration theory” (Ravenstein, 1885; Lee, 1966): 
 The degree of migration inside a given territory varies directly with the 
diversity of regions included in that territory.  
 The migration rate between two locations is inversely related to the 
obstacles for overriding the distance. 
 
MigFlow consists of three main modules: demography, quality of life and 
migration. 
The sub-model demography calculates the total population for each 
municipality in cohorts of 5 years based on age-specific and sex-specific 
rates of mortality and fertility (IBGE, 1997). The trends for mortality and 
fertility follow scenario assumptions: We assume a decrease down to 60% 
(fertility) and 80% (mortality) of 1996 rates in 2025.  
Quality of life is modelled as an integrated indicator composed of  
 the aggregated family income (HDI: PNUD, IPEA, FJP, IBGE, 1998);  
 an indicator for educational infrastructure (secondary education and 
upwards) (SOLAM); 
 and an indicator for health infrastructure (Costs) (SOLAM).  
The selection of suitable indicators was accomplished by two main 
aspects: their prominence in the results of the survey and the availability of 
comparative official data on the municipality level. These indicators are 
further made dynamic by scenario assumptions (for the general scenario 
assumptions compare also Döll et. al., 2000). 
MigFlow models Ceará and Piauí as a system of interacting spatial units - 
the municipalities - with specific properties. The communication with 
external territories outside the model boundaries is represented in one virtual 
unit (being represented by São Paulo which is the primary migration target 
outside of the survey region; see also the results of the survey).  
Migration is being calculated in the following steps: 
 computation of disparities between the quality of life of the different 
spatial cells; 
 computation of migration costs based on spatial distances between 
the cells (linear distance based on geographic coordinates); 
 computation of potential migration to units with a higher quality of 
life: potential profit in the quality of life (cost benefit calculation) 
multiplied with competence factor and the affected population 
(households with an income less than half a minimum wage - Salario 
Minimo); 
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 recalculation of migration based on emigration and immigration 
restrictions; 
 integration of migration in the demographic model. 
For a more detailed description of the model the reader is referred to 
Grebe et. al, 2000, S. 10ff. 
4. RESULTS FOR INTEGRATED SCENARIOS 
In studies on long-term developments, integrated scenarios can play 
diverse roles. Scenarios can be used to scope the future, by considering 
various diverging but plausible scenarios. Scenarios can also be constructed 
to serve as a background for sensitivity studies or intervention assessments. 
In sensitivity studies, some external factors or parameter values are varied 
and the effect on the simulated integrated scenario is analysed. In 
intervention assessments explicit policies are introduced in background 
scenarios to assess their efficiency. 
Here, two 'Reference Scenarios' of regional development try to project 
plausible pathways into the future, stressing the possibility of different 
futures. The relative likelihood of the one or other scenario is not considered. 
Both scenarios emerged from interpreting a coarse generalised storyline 
in the various areas, sectors and variables. The scenarios are: 
Reference Scenario A. Coastal boom and cash crops. In this scenario, 
economic globalisation and orientation on economic values shape 
development. Development focuses on profit optimisation, thus on most 
profitable production activities and production regions. In Ceará and Piauí 
this is interpreted to prefer coastal touristic and industrial activities and an 
orientation of agriculture on cash cropping. 
Reference Scenario B. Decentralisation. In this scenario, a 
decentralisation of development aims at more participation of the population, 
and a more even distribution of activities over a geographic area. 
Development occurs integrated (sector-wide) and takes place in the regional 
centres in the hinterland, not only in the coastal area. 
The scenarios were originally defined for the period 2000-2025 (Döll et 
al, 2000), but here they are extended to 2050, the timescale on which climate 
change may become significant. 
The central assumptions made in the scenarios, next to climate, concern 
demographic drivers, economic growth, availability of agricultural land and 
its distribution over farm classes, irrigation policy, and water infrastructure. 
In scenario A, the global focus on economic values results in higher 
growth rates than in B; in B the regional distribution of growth is more 
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balanced. In scenario B, the distribution of land ownership is getting more 
even; in scenario A the high-input irrigation grows faster. Regional 
distribution of improved water infrastructure and new irrigation areas is 
strongly focussed on sub-regions with highest economic potential in scenario 
A and more even in scenario B. 
State of the art global climate models show an increasing ability to 
simulate present day climate as well as historic trends over the last centuries 
at the global to continental scale (Houghton, et al., 2001). Still, the ability of 
these models in representing climate at the scale of North-eastern Brazil 
(NEB) is modest. This lack in ability may be caused by the relatively coarse 
resolution of the climate models, or by an imperfect representation of 
regionally important physical processes or the availability of regional data. 
Either way, the lack in ability seriously affects the applicability of model 
results for impact assessments. 
The recommended approach to critically review regional performance in 
selecting model results to be used in assessments (IPCC-TGCIA, 1999) 
implies that only very few global model results allow regional interpretation. 
Two models distributing projections via the IPCC Data Distribution Centre 
(IPCC-DDC, 1999), still reasonably allowing a regional interpretation of 
their results for North-eastern Brazil are ECHAM4 (Roeckner et al., 1996) 
and HADCM2 (Johns et al., 1997). For a continuing increase of greenhouse 
gas concentrations at present rates, projections of precipitation changes over 
NEB (2070-2099 compared to 1961-1990) are –50% for ECHAM and +20% 
for HADCM. 
 
Figure 4: Regional interpretations of GCM results for precipitation trends over the period 
2001 to 2050, assuming continued growth of atmospheric greenhouse gas concentrations. 
 
From this, conclusions on likely precipitation changes in NEB, on median 
changes or probable ranges of precipitation change cannot be drawn. Still, in 
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climate change studies for semi-arid North-eastern Brazil both the 
possibilities of a strong decrease in precipitation (-50%) and an appreciable 
increase in precipitation (+20%) should be considered as plausible to take 
place in the current century. 
A direct use of the grid-scale results of the climate models is unattractive. 
The difference in scale between the global climate models and the 
hydrologic and agronomic models in SIM is too big to allow reasonable 
simulations at the model scale. Regional climate modelling may partly 
overcome this problem, but existing regional climate models for Northeast 
Brazil still give unsatisfactory simulations of precipitation, probably due to 
problems with physical parameterisations (Boehm, 2002). Downscaling 
methods exist to consistently couple climate trends, defined at a coarse scale 
with finer scale, regionally observed climate data, to yield a finer-scale 
interpretation of the climate model results. The downscaling method adopted 
combines observed daily historic climate data at the level of climate stations 
with long-term climate trends from GCM projections (Werner and 
Gerstengarbe, 1997). 
In this paper, the two reference scenarios (A and B) and the two climate 
scenarios (ECHAM and HADCM) are combined into three scenarios, 
defined for the period 2000-2050: A+ECHAM, B+ECHAM and 
A+HADCM. 
Over this 50-year period, precipitation shows a decrease by 20 to 30% in 
the ECHAM scenario and an increase by up to 15% in the HADCM scenario 
(Figure 4). The variability in precipitation (as coefficient of variation) is not 
changing much in the scenarios, reducing somewhat towards the end of the 
simulation period. 
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Figure 5: Total volume of water stored in larger reservoirs at the beginning of the dry period. 
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Surface water availability shows a sensitive reaction to this climate 
change. River discharge shows a dramatic decline in the second part of the 
simulation period for the ECHAM scenarios, whereas no significant change 
is found for the HADCM scenario. Differences between the A and B 
scenarios are small only, as the total annual river discharge is largely 
determined by natural processes. In this sense, river discharge is an indicator 
of climate change itself and not so much of the impact on society. 
The total water volume stored in reservoir at the beginning of the dry 
period is another important indicator of surface water availability. This 
indicator is stronger linked to water management and water use, measuring 
impact on human resource use. Here we see (Figure 5) an initial rise in 
stored water due to increased storage capacity, assumed in both scenario A 
and B, followed by a clear downward trend for both ECHAM scenarios and 
a small trend for the HADCM scenario. For both the ECHAM scenarios, 
stored water volumes towards the end of the simulations are so low, that the 
reservoirs should be considered as fully inefficient for the climate conditions 
at that time. The differences between the A and B scenario are modest, with 
slightly higher values for the stored volume in scenario B. The difference is 
mainly due to a slower increase in irrigated area in scenario B than in 
scenario A effects of and on irrigation water use are much more pronounced 
in the dry period however. 
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Figure 6: Relative fulfillment of water demand; reductions are due to 
limited availability of water. 
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The reduced availability of surface water, for the ECHAM scenarios, has 
a negative influence on the fulfilment of water demand (Figure 6). Whereas 
water availability decreases or remains about constant, water demand 
increases drastically in the next 50 years in the scenarios A and B. An initial 
increase of annual demand from 1500 Mm3 in 2000 to about 3000 Mm3 for 
scenario A and 2200 Mm3 for scenario B is followed by a small (about 10%) 
decrease in the demand, due to price-driven reductions in demand (water 
pricing policy is an emerging feature in Northeast Brazil). The fulfilment of 
total annual demand remains about constant in the HADCM scenario, but 
indicates increasing water stress in the ECAHM scenarios. Especially in the 
A-ECHAM scenario, where water demand is highest, shows a drop from the 
initial 85% to a mean 70% in the last decade simulated. In scenario B-
ECHAM, fulfilment drops to 75%. 
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Figure 7: Production of agricultural commodities in Ceará and Piauí in 
three future scenarios 
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Agricultural production is still mainly rain-fed in Ceará and Piauí. This 
causes a high sensitivity to rainfall amounts, and long-term trends in 
precipitation may aversely affect regional production. Irrigated production 
can be less sensitive, as long as the irrigated area does not exceed the 
maximum area that can be reliably supplied with water. In both scenarios A 
and B, the cropping areas for the traditional food crops grown in subsistence 
farming (as maize) remain about constant, whereas the areas of irrigated 
crops (as tomato) increase by 100% (scenario B) to 200% (scenario A). The 
total production of Maize in Ceará and Piauí shows a high variability and a 
downward trend towards the end of the simulation period for the ECHAM 
scenarios and no clear trend for the HADCM scenario. Tomato production 
first increases with available irrigation area for all scenarios, the increase 
being faster for the A scenario. In the second half of the simulation period, 
water availability does not sustain irrigated production on all irrigatable 
areas in A-ECHAM, such that the production volumes are very similar for 
A-ECHAM and B-ECHAM (see Figure 7). 
The neutral or downward trend in rain-fed productivity and modest 
growth of irrigated production (especially for the ECHAM scenarios) cause 
the agricultural sector to play a declining role in relative terms in regional 
economy. As population dynamics in the simulation model is mainly driven 
by economic development, this might cause a reduced influence of climate 
variability on migration in the model. 
Total population increases strongly in all scenarios, starting from 10 
million in 1995 reaching about 12 million in 2025 for all scenarios and 15 
million in 2050 for the A scenarios and 14 million for the B scenario. The 
difference emerges from the higher assumed rates for economic growth in 
scenario A, reducing the tendency to migrate. Cumulative migration out of 
the region is simulated to reach about 5 million for scenario A and 6 million 
for scenario B. The mean annual rate of migration is reducing slowly in 
scenario B (-15% over 50 years) and strongly (-60% over 50 years) in 
scenario A towards the end of the simulation period. 
The population in the (non-coastal) hinterland shows an even more 
marked difference between the two scenarios. In scenario A population in 
the hinterland decreases from about 5 million to 3.8 million, in scenario B it 
increases to 5.2 million. This differences results from the assumed regional 
distribution in economic growth, being more concentrated in the 
metropolitan and coastal areas in scenario A. This means that the continuing 
internal concentration of population in the region is very strong in scenario 
A and modest in scenario B. 
Differences in population development and migration between the 
ECHAM and HADCM scenarios are small. 
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5. CONCLUSIONS / DISCUSSION 
The integrated modelling of the causal relationships between climate 
variability, water availability, and agricultural and societal impacts proved 
useful in composing an internally consistent projection of future regional 
developments. The projections illustrate the implications for a possible 
future of plausible assumptions on development and formalised 
understanding of processes. It helps especially in analysing the consistency 
of assumptions, e.g. the consistency between the regional activities in 
irrigated production and availability of water resources. 
In this respect, the present study extends existing regional long-term 
simulation studies of environmental (especially climate change) impacts in 
the direction of human dimensions. 
Simulations clearly show that Northeast Brazil is very sensitive to 
plausible climate change. 
For the more pessimistic scenario, the availability of river flow and 
surface water storage are alarmingly reduced; for the more optimistic 
scenario the present availability is about maintained. If the more pessimistic 
case would materialise, a rapid reaction in water management would be 
necessary to prevent severely worsening problems with water scarcity. 
Agricultural rain-fed production shows a sensitive reaction on 
precipitation projections, whereas irrigated production may be seriously 
confined by future developments in water availability (stored water and river 
flow). This might have a large impact on the agricultural sector, as rain-fed 
low mechanised production of the primary food crops in subsistence farming 
already is economically marginal. In the more pessimistic scenario for 
precipitation in combination with strong growth of high-input agriculture (A-
ECHAM), the expansion of irrigated production is not sustained by the 
projected water supply. 
Both environmental impacts (water scarcity, harvest failures) are 
important in determining the living conditions of the local population, 
especially in the rural hinterland. 
The formalised understanding of migration, represented in the 
simulations indicate that mean migration rates may remain high in future, 
albeit lower or even significantly lower than at present. The simulations 
suggest that developments in future migration will depend much more on 
integrated economic development of the rural areas than on climate, 
especially when the relative importance of agriculture will further decline. 
The effect of climate change on mean migration appears to be modest. 
Nevertheless, climate and its variability are simulated to have an influence 
on high migration occurrences in drought years. 
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Policies reducing the importance of rain-fed agricultural production or 
enhancing the buffering capacity in agricultural enterprises will have the 
positive effect of reducing migration peaks in drought conditions. Such 
policies include promoting diversification and improving access of farmers 
to credits and markets. As development alternatives are mostly envisaged for 
regional centres or sub-regions with less limiting water resources, gradual 
rural-urban migration may be expected to continue, and urban water demand 
will further increase. Policies aiming at a fixation of rural population in rain-
fed production areas will lead to a continuation of the dependence on 
external support and possible high migration rates in drought years. Regional 
development policies focussing at integrated development of centres in the 
non-coastal areas where water resources can be made available might limit 
the concentration of population but still reduce the vulnerability to drought. 
Policies aiming at enhancing water use efficiency might seriously reduce the 
vulnerability to drought. These policies include reducing transport losses, 
promotion of water extensive production systems, both in industry and 
irrigation. In the more optimistic climatic scenarios, this would enhance 
water amount available for e.g. irrigation. 
It should be noted that the simulation model only represents a partial 
understanding of migration processes. At this stage, migration is simulated 
to depend upon mean municipal income, and thus does not include the 
effects of income distribution. Additional data and research are needed to 
arrive at a more ample indicator for the quality of life, or to support models 
that describe migration motivation more intrinsically, including a better 
insight in the influence of additional variables, such as education and health 
care. 
The indicator for the quality of life by now does not include a direct 
contribution from regional food or water supply, i.e. the effects of drought 
only enter through the reduced agricultural output. This must not lead to an 
underestimation of migration, as droughts directly cause a flow of temporary 
refugees rather than of permanent migrants. Drier circumstances could be 
interpreted be the trigger of migration rather than the root cause of it. 
The topic of migration is deeply controversial, even its valuation. On the 
one hand, migration should be seen as a response to circumstances aiming at 
improving the current quality of life, and thus as a positive action, often 
aiming not only at drought relief, but also at lasting improvements of living 
conditions. On the other hand, large-scale migration is often connected to 
uncontrolled and hardly controllable actions as blockades of city halls or 
assaults on food transports, as a pressure in demanding drought relief aid. 
This and the public costs of emergency aid feed negative valuations of 
migration. 
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In the policy debate, the controversy is reflected in the possibly 
contradictory aims to both improve the fixation of population in the regions 
interior, and the aim to focus development programs on the sub-regions with 
highest potentials. The contradiction emerges from the fact that the regions 
with the severest drought problems, i.e. the main source regions for drought-
related migration, are not amongst the sub-regions with the highest rate of 
economic return of development investment. 
In this debate, the scenario analysis itself cannot deliver decisive 
information, as the valuation of aspects of the problem is the subject of the 
debate. But the results of the scenario analysis do give an important 
contribution to the debate by providing an ample set of information. 
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